Cell surface receptors convert extracellular cues into receptor activation, thereby triggering intracellular signaling networks and controlling cellular decisions. A major unresolved issue is the identification of receptor properties that critically determine processing of ligandencoded information. We show by mathematical modeling of quantitative data and experimental validation that rapid ligand depletion and replenishment of cell surface receptor are characteristic features of the erythropoietin (Epo) receptor (EpoR). The amount of Epo-EpoR complexes and EpoR activation integrated over time corresponds linearly to ligand input, covering a broad range of ligand concentrations. This relation solely depends on EpoR turnover independent of ligand binding, suggesting an essential role of large intracellular receptor pools. These receptor properties enable the system to cope with basal and acute demand in the hematopoietic system. Cells respond to alterations in their environment that are frequently encoded by changes in the concentration of extracellular ligands. These changes are perceived by cell surface receptors and the high frequency with which receptors are mutated in diseases and their accessibility to drugs make them key targets for therapeutic interventions. The dynamics of receptor activation are critically determined by the capacity to capture and sequester ligand through endocytosis (1). Ligand-encoded information could be processed in a saturation-like or linear mode for increasing ligand concentrations (Fig. 1A) . Receptor properties enabling cells to cope with ligand concentrations varying over a broad range remained to be identified.
Cells respond to alterations in their environment that are frequently encoded by changes in the concentration of extracellular ligands. These changes are perceived by cell surface receptors and the high frequency with which receptors are mutated in diseases and their accessibility to drugs make them key targets for therapeutic interventions. The dynamics of receptor activation are critically determined by the capacity to capture and sequester ligand through endocytosis (1) . Ligand-encoded information could be processed in a saturation-like or linear mode for increasing ligand concentrations (Fig. 1A) . Receptor properties enabling cells to cope with ligand concentrations varying over a broad range remained to be identified.
A prime example for a receptor that encounters an extreme range of ligand concentrations is the erythropoietin receptor (EpoR). The EpoR ensures continuous renewal of short-lived erythrocytes (2) and enhanced expansion of erythroid progenitors upon demands such as blood loss. Plasma concentrations of erythropoietin (Epo) can differ approximately 1000-fold between basal and acute conditions (3) . Only a small proportion of EpoR is present on the cell surface; the majority resides in intracellular pools (4) . Ligand binding triggers phosphorylation of the cytoplasmic EpoR domain by JAK2 (5) . Ligand-induced endocytosis of EpoR has been proposed to terminate signaling by removing receptors from the cell surface (6) . Additionally, the EpoR is subjected to ligand-independent endocytosis (7) (supporting online text). The specific impact of EpoR transport to the plasma membrane and EpoR endocytosis on processing of ligand-encoded information remained ill-defined.
Linear detection of ligand over a broad range of concentrations could be facilitated by the following properties reported for other receptors (Fig. 1, B to D, and supporting online text): (i) "mobilization" defined as ligand-induced additional transport of newly synthesized receptor from intracellular pools to the plasma membrane (8), (ii) "recycling" consisting of ligand-induced receptor endocytosis and subsequent transport back to the plasma membrane (9), and (iii) "turnover" comprising ligand-independent transport of newly synthesized receptor to the plasma membrane and removal from the plasma membrane by ligand-independent receptor endocytosis and subsequent degradation (10) . A further potential strategy to cope with particularly high ligand concentrations is expression of large amounts of receptor on the plasma membrane (11) . However, the abundance of EpoR on the cell surface is rather low (12) disentangle experimentally. To address these non-linear processes, we developed dynamic mathematical models for ligand-receptor interaction as well as trafficking kinetics and fitted them to quantitative experimental data. The "core model" included parameters for EpoR recycling and turnover ( Fig. 2A) and was compared to an extended model encompassing receptor mobilization ("core model + k mob ") ( fig. S5A) . Briefly, unoccupied cell surface EpoR is subjected to turnover with transport of newly synthesized receptor to the plasma membrane (k t ×B max ) and ligand-independent endocytosis (k t ). Epo binds to cell surface receptor with the association rate k on and dissociates with the rate k off . The parameter k off is defined as k on ×K D with K D being the dissociation constant. Epo-EpoR complexes are subjected to endocytosis (k e ). These complexes dissociate and EpoR and Epo recycle back to the plasma membrane (k ex ) or undergo degradation. Degraded Epo is retained in intracellular compartments (k di ) or released to the extracellular space in an inactive state (k de ), unable to re-bind to EpoR. In our extended model, we additionally integrated EpoR mobilization as a single parameter k mob to summarize its overall effect, including a chaperone action mediated by the protein kinase JAK2 (13) S3D ) and parameter estimation was performed simultaneously for the "core model" and the "auxiliary model" (14) . The trajectories of the best fit captured the observed dynamics ( Fig. 2B and  fig. S4A ). The underlying models were minimal models that both are consistent with biological knowledge and well determined by the experimental data. Each calibrated model is structurally and practically identifiable within tight confidence intervals as shown by the likelihood profile (15) ( fig. S4B ). Comparing the contributions of reactions describing transport of EpoR from intracellular pools to the plasma membrane for the extended "core model + k mob " revealed that the flux k mob ×Epo-EpoR is more than one order of magnitude lower than the flux k t ×B max and therefore negligible ( fig. S5B) . Furthermore, the performance of the extended model was lower compared to the "core model" as revealed by statistical tests ( fig. S5C ). Therefore, EpoR mobilization is unlikely to make a major contribution and further analyses focused on the "core model" to determine the impact of receptor recycling and turnover.
The calibrated "core model" enabled us to predict key dynamic properties of the EpoR system ( fig. S6) 
Epo binding accelerates receptor endocytosis approximately by a factor of 2. In contrast to the epidermal growth factor receptor (16, 17) , this low ratio implies a less prominent contribution of ligand-induced EpoR removal from the plasma membrane to attenuate receptor activity (supporting online text). Model simulations for species not directly accessible by experimental measurements predicted that intact Epo is rapidly depleted from the medium by endocytosis-mediated uptake and subsequent degradation (Fig. 2C, left panel, and supporting online text) . Unoccupied EpoR on the plasma membrane was predicted to not diminish by more than 75% of the maximal value B max and to recover almost entirely (Fig. 2C, right panel) . Therefore, the EpoR system never reaches an absolute refractory state, but continuously remains ligand-sensitive. To assess dynamic properties that determine conversion of ligand binding into receptor activation, we derived from the model (18) the timedependent half-life of species in a specific subcompartment ( fig. S7 and supporting online text). This analysis suggested that ligand-induced endocytosis has an important role in shaping early-response kinetics of EpoR activation. To experimentally confirm the predicted recovery of cell surface EpoR, we performed time course analysis of receptor activation in BaF3-EpoR cells. Receptor phosphorylation returned to basal amounts between 60 and 120 min after exposure of cells to Epo (Fig. 3A) . However, restimulation of these cells with an excess of ligand resulted in receptor phosphorylation comparable to that after initial activation. In line with model predictions, endocytic removal of cell surface EpoR does not attenuate long-term receptor signaling, but cells remain Epo-responsive. For experimental validation of the model-predicted ligand depletion, BaF3-EpoR cells were treated with Epo and the culture medium was used as the stimulating medium for another cell pool. The later the medium was collected, the less the receptor was phosphorylated on the treated cells (Fig. 3B ). This decrease in stimulating capacity of the medium did not occur in the absence of EpoR ( fig. S8A ). Rapid ligand depletion was also directly validated for murine and human EpoR in BaF3 cells as well as for erythroid progenitors by determining Epo amounts in the medium, showing that receptor-mediated ligand degradation is a general attribute of the EpoR system ( fig. S8 , B to D, and supporting online text). The dynamics of cell surface receptor recovery and ligand depletion challenge the conventional view that EpoR degradation through the proteasome and lysosome (6) is a major cause of attenuation of receptor activation. Rapid ligand depletion and receptor recovery for the related interleukin (IL)3 receptor ( fig. S9 and supporting online text) suggest that these processes are key properties conserved among hematopoietic cytokine receptors.
Model simulations for cell surface Epo-EpoR complexes with increasing ligand concentrations showed saturation for the peak amplitude of cell surface Epo-EpoR complexes (Fig.  4A, middle panel) that resulted from the limited amount of receptor present on the plasma membrane at a given time. A linear relation for integral EpoR occupancy representing the amount of cell surface Epo-EpoR complexes integrated over time was predicted even for high concentrations of Epo (Fig.  4A, right panel) . Measurements of the peak amplitude of phosphorylated EpoR and JAK2 (figs. S10 and S11) coincided with the behavior predicted by model simulations for cell surface Epo-EpoR complexes (Fig. 4B, middle  panels) . The linear relation of ligand input and integral EpoR occupancy correlates with the amount of EpoR and JAK2 phosphorylation integrated over time (Fig. 4B, right panels) , showing that the extracellular stimulus is accurately converted into receptor activation. To discriminate between the influence of receptor recycling and turnover, we performed simulations for various values of the respective parameters. Despite changing the recycling rate k ex , the linear relation of ligand input and integral EpoR occupancy was maintained, but with a different slope (Fig. 4C) . The linearity of this relation strictly depended on the turnover k t (Fig. 4D) , which enables cells to constantly repopulate the plasma membrane with newly synthesized receptor from intracellular pools. Although higher k t rates beyond the estimated value had no impact, with lower turnover rate values the linear resolution of ligand-encoded information processing in the model gradually decreased. Thus, EpoR turnover at a high rate functions as a linear signal integrator, assigning an essential role to large intracellular receptor pools (figs. S12 and S13, and supporting online text) and enabling cells to detect ligand concentrations varying over a broad range.
In this study, we identified rapid ligand depletion and compensation of endocytic removal of cell surface EpoR by receptor turnover as hallmarks of the EpoR that facilitate linear information processing for a broad range of ligand concentrations. These systems properties enable cells to continuously sample extracellular ligand and thereby cope with both basal and acute demand-driven ligand concentrations. Epo has been widely applied to treat anemia (19) and current research focuses on engineering more efficient erythropoiesis-stimulating agents (20) . Model simulations for various ligand binding rates point to a parameter region that displays a trade-off between bioavailability and bioactivity of Epo derivatives (figs. S14 to S16, and supporting online text). Thus, the combination of mathematical modeling and quantitative biochemical analysis enables a more rationalized development of therapeutic agents. Published online 20 May 2010; 10.1126/science.1184913 Include this information when citing this paper. Freshly starved cells were stimulated for 10 min with culture medium collected at the indicated times ("Medium") or with Epo ("ctrl"). pEpoR, phosphorylated EpoR; GST-ΔEpoR, recombinant GST-tagged protein used as reference. saturation and a linear function were fitted to the data for peak amplitude (middle panels) and integral EpoR and JAK2 activation defined as the amount of phosphorylated protein integrated over time (right panels), respectively. Graphical representations are shown for "peak amplitude" and "integral EpoR activation" (left panel). (C and D) Simulations for integral EpoR occupancy for various parameter values around the estimated rates of (C) recycling k ex or (D) turnover k t . Details for calculating the integral are provided in the supporting online text. pEpoR and pJAK2, phosphorylated proteins.
